D
irect, minimally invasive monitoring of in vivo physiological conditions presents a route to determine health status in real time and address needs as they arise. To accomplish these measurements, there needs to be a reporter in the body that can be quantified without blood or fluid withdrawal, which can either be endogenous or a submillimeter system that can be placed into the skin. A submillimeter system can be comprised of nanoparticles that have fluorescent properties thus relaying information transdermally using light. We have recently reported on nanosensors designed to monitor either in vivo glucose or sodium (1, 2) . These nanosensors are comprised of optode material (3) (4) (5) (6) , the optical equivalent of an ion-selective electrode, and a PEG coating. Nanoparticle optodes were first described as probes encapsulated by biologically localized embedding (PEBBLEs) (7, 8) . Brasuel et al. later improved PEBBLEs based on ion-selective optodes by enhancing the electrolyte selectivity (9, 10). Dubach et al. improved these nanosensors by increasing the lifetime in solution and reducing the size for intracellular detection (11, 12) . These sensors also had PEG-based coatings that made them biocompatible and stable, allowing successful use for in vivo experiments (2) .
Continuously monitoring sodium in vivo addresses multiple diseases and could prevent clinical complications during certain procedures. Sodium imbalances may lead to hypernatremia (13) or hyponatremia (14) -the most common electrolyte disorder. Monitoring sodium may provide an insight into the progression of subarachnoid hemorrhage or syndrome of inappropriate antidiuresis (15, 16) . However, to provide continuous monitoring, sensors need to be small enough to have a rapid response to changes in concentration yet be large enough to reside at the sight of injection without diffusing away or being endocytosed or phagocytosed by cells. Complementing the extensive research on the influence of particle size in biological systems, recent work has revealed the potential advantages of controlling particle shape (17, 18) . Here we exploit the in vivo physical characteristics of nano-and micromaterials (19) by creating microworms-multiple micron long cylinders with a high aspect ratio. Whereas nanomaterials have characteristics that are preferable in biology, materials on the micron scale also maintain unique properties depending on the application (20) . These microworms have a large surfacearea-to-volume ratio as is common in nanomaterials and the large effective hydrodynamic radius of a micromaterial.
We demonstrate the templated fabrication of microworms with hydrogel coatings using initiated chemical vapor deposition (iCVD) technique. Initiated CVD (21, 22 ) is a vapor phase polymer synthesis technique where the monomer and initiator vapor is delivered into the reactor in the vapor phase. The polymerization is initialized on the substrate surface when the initiator radicals that are created by the thermal decomposition of the initiator molecules react with the adsorbed monomers on the substrate surface. The low operating pressures and substrate temperatures enable polymer deposition on delicate substrates (22) . Furthermore, the conformal nature of the iCVD technique can be exploited to coat high aspect ratio features and subsequently create nanotubes of highly cross-linked polymers (23) . Previous work on planar optode sensors using a biocompatible hydrogel layer, poly(2-hydroxyethyl methacrylate) [p(HEMA)], deposited by photoinitiated chemical vapor deposition (piCVD) showed no interference of the hydrogel with the sensor function (24) . Hydrogels present an environment that resembles the hydrated state of tissues, making them ideal coating materials for particle use in vivo (25) .
Results and Discussion
Multiple deposition and filling steps were used to create the tubular scaffold and filled microworms. The anopore aluminum oxide (AAO) template was first coated with hydrogel, p(HEMA), using deposition to create the tube structure (Fig. 1B) . The coated scaffold was then filled with optode, and excess optode was rinsed off of the top of the template ( Fig. 1 C and D) . The filled hydrogel tubes were then capped by depositing the same thickness of hydrogel on the top and bottom to seal the microworm (Fig. 1E ). The AAO scaffold was then etched away with HCl and the individual microworms were freed by intense sonication. This method enables the creation of a coated microworm or tubular structure that can contain any polymer-based sensor or component that is soluble in any solvent that will not dissolve the hydrogel itself or etch in HCl.
SEM images of the microworms after etching but prior to sonication separation are shown in Fig. 1 F and G. The AAO template has 200-nm-diameter pores. The hydrogel deposition was run to an average thickness of 50 nm leaving 100-nm-diameter pores in the hydrogel tubular structure; the pore diameter can be seen in unfilled hydrogel tubes. Furthermore, the hydrogel deposition also filled in the AAO template pores completely. The conformal deposition inside the pores of the AAO templates was achieved by tuning the deposition parameters to keep the ratio of the monomer partial pressure (P m ) to monomer saturation pressure (P sat ) low (26, 27) . Although temperature of the AAO template is difficult to control, by maintaining low reactor pressures, low P m ∕P sat values of 0.1-0.3 can be achieved which improves the conformality. Transmission electron microscopy (TEM) images of single microworms in the dehydrated state confirm that the optode fills the hydrogel tubes ( Fig. 1 H and I) . The darker core is the optode, whereas the lighter outer shell is the hydrogel coating. The dimensions of the microworms were roughly 40-μm long and 200 nm in diameter. The outer shell is comprised solely of hydrogel and the inner core is optode. The cylindrical shape of the optode in the hydrogel tube indicates that the THF evaporation occurred at the open ends of the hydrogel tubes allowing the optode to gel inside. This evaporation process also explains the difference between the 40-μm length of the microworms and the 60-μm length of the AAO template. The 33% reduction in length is due to optode shrinkage from THF evaporation and hydrogel tube capping that fills the tube down to the boundary of the optode. The stability of the hydrogel tube without optode filling breaks down after AAO etching and sonication separation.
Coating the optode sensors with a conformal polymer layer is necessary to prevent the shape deformation or the agglomeration of the optode sensors in aqueous solution. Fig. 1K shows the fluorescence microscopy images of the optode sensors without any hydrogel coating. As seen in the image, the sensors are in circular shapes after rolling up and agglomerating without the coating. The strong fluorescence signal from the microworms indicates that the outer hydrogel layer does not affect the fluorescence of the optode. Furthermore, the complete filling of the pores with the optode (Fig. 2C ) confirms the tubular shaped scaffold and complete filling of the optode during microworm formation. If any of the AAO template channels do not fill with the optode, they will produce hollow tubes with one open end because the capping deposition will plug the bottom side during the initial capping.
The mechanism of the optode is dependent on sodium extraction into the microworm through the hydrogel. In the aqueous medium, the hydrogel coating may swell up to 150% (23, 24) , which may alter mesh size and interaction of the aqueous environment with the optode. Mesh size of the polymer, ξ, can be calculated using ξ ¼ ν
where ν 2s is the volume fraction of the swollen polymer, l is the length of the C-C bond (0.154 nm), N is the number of repeat units between the cross-links, and C n is the characteristic ratio (28) . N can be found from the cross-link density (23) which is 6.25, ν 2s is 0.22, and C n is assumed to be 8.5. The mesh size is therefore 1.86 nm in this case which will allow diffusion of sodium ions but prevent fouling of larger molecules.
To be a continuous monitoring device, the response time of the microworms needs to be fast. The response time of the sensor is completely dependent on diffusion within the optode and decreases below seconds as the size decreases to microns (3) . Theoretical response times of the nanosensors and the microworms can be estimated by solving the diffusion equation for a sphere (29)
and a rod (29) Each mouse is separated by a green bar to indicate that there were two different imaging conditions, I and II, for the two types of sensors to limit image saturation. The increased background in imaging condition I is due to the longer exposure times used to image the microworms. This method enabled imaging of both types of sensors in the presence of the autofluorescent noise.
where D is the diffusion coefficient, J 0 and J 1 are the Bessel's functions of zeroth and first order, and α n are the roots of the Bessel function. C 0 represents the concentration of the analyte in the medium and C is the concentration at a given time and position inside the sensor. Response rates of the nanosensors and the microworms can be compared by determining the time for each sensor to reach C∕C 0 ¼ 0.99. Using Eqs. 1 and 2, the response times t sphere and t cylinder are then calculated as 0.07 and 0.11 s, respectively, for a radius R s of 100 nm. The similar response times obtained for nanosensors and the microworms confirm that the cylindrical shapes of the microworms do not significantly change the response times. The response mechanism of the sensors to sodium has been previously explained (3) . Briefly, the optode consists of a plasticized polymer that creates a hydrophobic environment in which a pH sensitive fluorophore, an ionophore specific for sodium, and a charge neutrality molecule are contained. Selective uptake into the optode by the ionophore brings a positive charge into the polymer resulting in a loss of a hydrogen ion to balance the charge. This hydrogen ion loss changes the protonation state of the fluorophore and thus the optical properties of the optode. The optical response of nanosensors and microworms to sodium was determined with a plate reader. The intensity of a given sodium concentration was normalized according to α ¼ ðI max − I ½Na þ Þ ðI max − I min Þ, where I max is the intensity of the nanosensors or the microworms at zero sodium, I min is the intensity at 500 mM sodium, and I ½Na þ is the intensity at the concentration of interest. The response data, α, was plotted against the log of the sodium concentration, in millimolar, with the log of zero sodium set to −1 for curve fit analysis. The response data for both the microworms and the nanosensors are shown in Fig. 2 . Sigmoidal curves are fit (Origin) to the data and using the software the K d is calculated as 82 mM for the nanosensors and 97 mM for the microworms. This K d is satisfactory within resting interstitial sodium concentration, which is roughly 130 mM. Considering the error bars in response (Fig. 2) , the difference in the K d values is insignificant, indicating that the response of the microworms are the same as the nanosensors.
For continuous in vivo monitoring, the diffusion of the sensors should be minimized. The diffusion coefficient, D, can be calculated using the Stokes-Einstein equation D ¼ kT∕ð6πηR h Þ, where k is Boltzmann's constant and η is the viscosity of water. The hydration radius (R h ) of the microworms can be found from the radius of gyration (R g ) (30), here R g ¼ 1.732R h . The R g of a cylinder depends on the length and radius [R g ¼ ðL 2 ∕12þ r 2 ∕2Þ 1∕2 ], where L is the length and r is the radius. For aspect ratios ðL∕rÞ ≫ 1 the radius of the microworm contributes little to R g and can be ignored in this case because L∕r ¼ 400. For a length of 40 μm and a radius of 100 nm, the R h of the microworm is 6.67 μm. The surface-area-to-volume ratio of the microworm is 20 μm −1 , whereas the surface-area-to-volume ratio of a sphere with an R h of 6.67 μm is 0.45 μm −1 , shown in Fig. 3A . At smaller effective R h , the surface-area-to-volume ratio is actually greater for spheres. However, once the effective R h is above 150 nm, the microworm structure provides an improved surface-to-volume ratio.
For microworms of length 40 μm, the theoretical diffusion coefficient 30°C was 4.1 × 10 −14 m 2 ∕s. The theoretical diffusion coefficient 30°C of the spherical nanosensors with a diameter of 272 nm was 2.0 × 10 −12 m 2 ∕s. These are shown in Fig. 3A as a blue line and a blue circle. By matching the diameter of the nanosphere to that of the microworm, the response times to sodium will be similar for both shapes. For the given geometrical structure and dimensions, the diffusion coefficient of the microworms is calculated to be approximately 50 times smaller than that of the nanosensors. The experimental values of the diffusion coefficients were measured by dynamic light scattering (DLS) experiments and are shown as a green line and green circle in Fig. 3A . The average diffusion coefficient of the microworms at 30°C was 1.54 AE 0.33 × 10 −13 m 2 ∕s. The spherical nanosensors of 271.6 AE 12.4-nm diameter, on the other hand, had an average diffusion coefficient of 1.699 AE 0.237 × 10 −12 m 2 ∕s at 30°C-an order of magnitude larger than that of the microworms. The difference between the theoretical calculation and the DLS experiment results for the diffusion coefficient of the microworms might be related to the variations in the nanoworm sizes (polydispersity of 0.74 AE 0.2) or the bending or twisting of the microworms during diffusion which changes the hydrodynamic radius. Also, unfilled tubular scaffolds will have smaller sizes than the microworms and may not have been completely removed during microworm isolation, thus increasing the diffusion coefficient.
The theoretical advantages of the microworms were confirmed experimentally by subcutaneously injecting microworms and nanosensors in nude mice (Fig. 3B) . The fluorescence efficiency of the sensors were tracked over time. The fluorescence efficiency represents the total amount of fluorophore present and thus indicates that amount of sensor, either microworms or nanosensors, that are present in the region analyzed. This measurement therefore can be used to determine diffusion away from the spot of injection. The microworms show little diffusion away from the injection spot over the course of an hour, however, the nanosensors have significant diffusion as the efficiency decreases by roughly 60% (Fig. 3C ). Experiments were stopped at 1 h as the decrease in fluorescence efficiency of the nanosensors leveled and therefore an accurate comparison of retention in the injection spot could be made. Each sensor is made of the same components and has similar responses with respect to sodium and photobleaching. Also, nude, immune-compromised mice were used to eliminate the possible effects of an immune reaction to the sensors. Previous experiments have shown that similar nanoparticles do not elicit a noticeable immune response of the same time period (1) and phagocytosis of particles with similar size and shape is not possible (31) . Therefore, the difference in efficiency changes between the microworms and the nanosensors is solely due to diffusion of the sensors out of the injection spot. Sensor degradation via leaching was not considered because it has previously been shown that PEG-coated nanosensors will not leach components and are stable in solution for weeks (12) . The diffusion properties of the microworms are better suited for measurement conditions over the course of 1 h. At this smaller diffusion rate, the microworm geometry has a much larger surface-area-tovolume ratio that allows for rapid responses to changes in the sodium concentration. Therefore, the microworms developed here have a more ideal geometry than spheres for use of in vivo monitoring.
Incorporating the sodium optode into the microworm sensor prevented diffusion of the sensor away from the spot of subcutaneous injection. Furthermore, the microworm shape and coating did not prevent optode interaction with the surrounding environment. Microworms present a biocompatible mechanism to immobilize polymer sensing material in vivo for continuous monitoring. This technology can be extended to immobilize any polymer with the capacity of adjusting the hydrogel coverage or cross-linking density to alter medium interaction.
Experimental Methods
Materials. The monomer 2-hydroxyethyl methacrylate (HEMA, 99%, Aldrich), the cross-linker ethylene glycol diacrylate (EGDA, 98%, PolySciences), and the initiator tert-butyl peroxide (TBPO, 98%, Aldrich) were used as received. All chemicals used to prepare the optode were purchased from Sigma. The AAO membranes were purchased from Whatman, Inc. The pores of the membranes are 60 μm in length and 200 nm in diameter.
Sodium selective optode was created from the following compounds: 30 mg high molecular weight poly(vinyl chloride); 60 mg bis-2(ethylhexyl)-sebacate; 3 mg sodium ionophore X; 0.5 mg chromoionophore III; and 0.4 mg of sodium tetrakis [3,5-bis(trifluoromethyl) phenyl]borate. These components were brought up in 500 μL of THF.
Initiated CVD system. Initiated CVD depositions were performed in a custom-built high-vacuum reactor with a base pressure of 10 −4 torr. The monomer vapors were delivered to the reactor using needle valves, whereas mass flow controllers were used to deliver nitrogen gas (N 2 ) and the initiator. The initiator molecules were thermally decomposed by a heated filament array that consists of 14 parallel ChromAlloy filaments (Goodfellow) that were placed 2 cm above the sample. The sample temperature was controlled by backstage cooling using a chiller and heater (Neslab, Thermo Scientific).
Polymer Coating Deposition. The biocompatible hydrogel film, cross-linked p(HEMA), was deposited using iCVD. The flow rates of HEMA, EGDA, TBPO, and N2 used were 0.6, 0.15, 1, and 1 sccm, respectively. During depositions, the reactor pressure was kept at 200 m torr. The filament and the substrate temperatures were maintained at 215 and 30°C, respectively. Nanosensor Fabrication. Nanosensors were prepared as previously described (12) . Briefly, optode was diluted 50% with dichloromethane and added dropwise to 4 mL of aqueous solution, either PBS or 10 mM Hepes, containing 1,2-diacyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethyleneglycol)-550] (Avanti Polar Lipids). The solution was then mixed with a probe tip sonicator to form nanosensors (Branson).
Fabrication of Microworms. For the fabrication of the microworms, AAO templates were first conformally coated with p(HEMAco-EGDA) hydrogel with a wall thickness of approximately 50 AE 10 nm. The pores of the coated AAO templates were then filled with the optode solution. Optode was first diluted in 1 mL of THF in a glass dish inside a chamber with a THF bath to prevent rapid evaporation of THF in the optode solution. The coated AAO templates were placed facing down in the glass dish and allowed to float on the optode for 1-2 min. The AAO templates were then washed in a THF bath to rinse excess optode, inverted, and allowed to dry while resting on two glass micropipettes. Both sides of the templates were then iCVD coated with hydrogel to cap the ends of the tubes. As the final stage, the templates were etched in HCl and the microworms were released.
To prepare the microworms for tests, they were suspended in 2 mL of water. This solution was sonicated using a probe tip sonicator (Branson) for 1 min, four times. The solution was then transferred to microcentrifuge tubes and spun at 500 rpm for 5 min. The supernatant was removed and mixed 1∶1 with PBS or HEPES buffer. This solution was then spun at 10,000 rpm for 30 min. The supernatant was then removed and discarded and the remaining pellet was brought up in PBS or Hepes buffer and resuspended.
For the preparation of the control samples, the pores of the AAO templates with no iCVD coating were filled with the optode solution the same way as described for the microworms. After the optode inside the pores was dried, the AAO templates were etched in HCl solution to release the cylindrical sensors without polymer coating.
Chemical Analysis. The compositional analysis of the deposited hydrogel layer was performed by Nexus 870 FTIR (Thermo Nicolet) equipped with a deuterated triglycine sulfate and thermoelectricity cooled detector. The analysis was done on the polymer films deposited on silicon. The spectra were acquired at 4 cm −1 resolution and the number of scans was kept at 128. The cross-link density, R, of the hydrogel layer was calculated using the relation (32)
where A C¼O and A O-H are the FTIR peak areas of the C ¼ O stretching and O-H regions, respectively, for the copolymer films. The ratio r is of peak areas A C¼O to A O-H for the linear p(HEMA) film. For the deposition parameters used in this study, the crosslinking density was calculated to be 0.19.
Imaging. The fabricated microworms were imaged with a field emission gun SEM (JEOL J5M-6700F) instrument. The TEM analysis was performed with an FEI Tecnai F20. Confocal images were recorded on a Zeiss 510 meta confocal microscope. Microworms were imaged using a 633-nm He-Ne laser with emission at 680 AE 10 nm using a 63× 1.4 N.A. oil immersion objective.
Size Analysis. Size measurements of nanoparticles and microworms were performed using dynamic light scattering (Zetasizer, Nano Series ZS90, Malvern Instruments). Measurements were made in triplicate at temperatures ranging from 15 to 35°C at 5°i ncrements.
Sensor Response. Calibration was performed by diluting the 100 μL of microworms or nanosensors in 100 μL of 10 mM Hepes solution pH 7.4 with sodium chloride concentrations ranging from 0 to 1 M. The solutions were loaded into an optical bottom 96-well plate (VWR) in triplicate per sodium concentration. The fluorescence was read in a plate reader exciting at 633 nm and collecting emission at 680 nm (Spectramax Gemini EM, Molecular Devices).
In Vivo Measurements. Microworm and nanosensor diffusion measurements were performed in nude, immune-compromised CD-1 mice (Charles River Labs). All animal procedures are approved by the Institutional Animal Care and Use Committee of Tufts University Medical School, Boston, MA. Mice were anesthetized using Isofluorane. Twenty microliters of microworms or nanosensors in PBS solution were injected subcutaneously in the back of each mouse in multiple spots. The mice were then imaged using an IVIS 200 (Caliper Life Sciences). Brightfield and fluorescent images were taken at 5 min intervals for 60 min. Fluorescent images were acquired using the Cy5 filter settings. Two imaging conditions were used for fluorescent images, one for the microworms and one for the nanosensors. These images were taking back to back and therefore have the same time points. The conditions were changed between the two sensors to ensure that each sensor was producing similar fluorescent intensities compared to the other without saturating the image. Both types of sensors were exposed to both imaging conditions to prevent the effects of photobleaching causing differences in fluorescence efficiency.
Regions of interest were analyzed using total efficiency and were background subtracted.
